Abstract: There has been a considerable importance for the islanding detection due to the growing integration of distributed generations (DGs) in the modern power grids. This paper proposes a novel active islanding detection scheme for synchronous DGs, considering two additional compensators and a positive feedback for each of active and reactive power control loops. The added blocks are designed using the small gain theorem and stability margins definition considering characteristics of open loop transfer functions of synchronous DG control loops. Islanding can be detected using the proposed method even where there is an exact match between generation and local load without sacrificing power quality. In addition, the performance of the proposed method can be retained even with high penetration of motor loads. The proposed scheme improves the stability and power quality of the grid, when the synchronous DG is subjected to the grid-connected disturbances. Furthermore, this method augments the stability margins of the system in the grid-connected conditions to enhance the disturbances ride-through capability of the system and reduce the negative impact of the active methods on the power quality. Simultaneous advantages of the proposed scheme are demonstrated by modeling a test system in MATLAB software and time-domain simulation achieved by PSCAD.
Introduction
Integration of distributed generation (DG) into the power grids have an essential role to reduce transmission and distribution network capacity, improve the security of system, and reduce overall costs [1] [2] [3] . In the situation of intentional or unexpected loss of the main grid, DG units continue to energize the islanded power system. Island operation of DGs may lead personal safety issues and severe electrical hazard to equipments due to out-of-phase re-closure. Hence, DG units should be disconnected in islanding situation as soon as possible and before auto-reclosing operation. Sometimes, DGs should be able to operate in islanding situation according to some grid codes [4] and standards [5] . Hence, the islanding should be detected in proper time in order to switch the DG control scheme to perform the autonomous islanded operation. This paper is organized as follows: The dynamic model of the system components are explained in Section 2. Sections 3 and 4 presents the proposed active islanding detection scheme. In Section 5, simulation results are investigated to validate the performance of the proposed method. The conclusions are drawn in the last section.
System Dynamic Model
Active anti-islanding scheme depends on the dynamic system devices including synchronous DG and active and reactive power control loops. The frequency and the voltage of the system is determined by the main grid when the DG is connected to the utility network. Whereas, the frequency and the voltage will be determined according to dynamic characteristics of the local load, synchronous generator, and its control loops when the DG is isolated from the main grid.
The simplified model of synchronous machine shown in Figure 1 is used to design procedure of active islanding detection purpose. However, the performance of the procedure should be investigated by the detail model. The active power control loop of a synchronous generator consists of the prime mover and the governor system. The governor was modeled with a droop controller. Also, a droop control method is introduced in references [26] [27] [28] [29] . The active power control loop determines the output active power of the generator according to the reference value. It also contributes to the primary frequency control. The frequency of the DG can be regulated by changing the gate position of the prime mover by means of the governor system which can be represented as a droop characteristic.
The direct current of the synchronous generator field is supplied by the reactive control loop. In addition, this control system should contributes to stability and voltage control of the power system. The reactive power control loop consists of reactive power regulator, automatic voltage regulator (AVR), and filed response controller which can be indicated by two proportional-integral (PI) and a first-order controller, respectively.
In general, the load models can be classified into static and dynamic models. Active and reactive powers of the static loads are algebraic functions of the load bus voltage and frequency. The static loads have a fast response to voltage and frequency changes. Whereas, the response of dynamic loads to the changes are mostly slow and their active and reactive powers are differential functions of the voltage and frequency of the load bus. The loads type has a considerable influence on timely islanding detection. Therefore, in the control block diagram (as shown in Figure 1 ), the transfer function of the static loads is a constant gain but the transfer function of the dynamic loads is function of the s (Laplace operator). The resistor-inductor-capacitor (RLC) and induction motor loads are selected in this study as a common representative of the static and dynamic loads, respectively.
Proposed Active Islanding Method
The active anti-islanding methods for synchronous DG are based on a direct interaction between the active/reactive power control loops of the synchronous generator and the system. In this mechanism, the terminal voltage or/and frequency of the synchronous DG deviate dramatically from their nominal values and hence violate the preset thresholds of the conventional voltage or/and frequency relays, respectively. This paper proposes an active islanding detection scheme for synchronous DG, based on modified active and reactive power control loops. Figure 2 shows the proposed islanding detection scheme. The proposed scheme for active power control loop consists of active power positive feedback (APF) block as a positive feedback and compensators 1, 2. The APF takes the active power of the synchronous DG as input and inserts an additional signal to the active power control loop at point 1. Similarly, the reactive power control loop is formed of compensator 1, 2 and the reactive power positive feedback (RPF) which takes the reactive power of synchronous DG as input and inserts a disturbance to reactive power control loop. In the proposed method, islanding can be detected by amplify the dynamic response of the synchronous DG in islanding situation. The main observations on which the proposed scheme is based are: (1) The power system oscillations are more pronounced for generator active/reactive power output following a disturbance in the grid. Hence, generator active and reactive powers are selected as the inputs of APF and RPF to better sense of the oscillations. (2) Structure of the feedback system should be properly designed to reduce negative effects on normal operation of the synchronous DG. The proposed scheme should also retain the desired performance of the droop characteristics by selecting suitable location and input for APF and RPF in the active and reactive power control loop, respectively. (3) The stability margins of the active and reactive control loops should be increased in the proposed scheme which leads to the disturbance ride-through capability enhancement of the system. Hence, the support ability of the synchronous DG to the main grid can be significantly improved during grid-connected disturbances.
The first step of the design procedure of the proposed scheme is to determine the APF and RPF characteristics that leads to instability of the system in islanding situation and to keep stable operation in grid-connected conditions. The APF and RPF stability requirements for design objectives in islanding and grid-connected situation can be derived from small gain theorem. The small gain theorem gives sufficient conditions for stability of a feedback control system. Consider a feedback system with transfer functions G 1 (s) and G 2 (s) as shown in Figure 3 . The small gain theorem says if G 1 (s) and G 2 (s) are linear, time-invariant, and stable transfer function, then the closed-loop system is stable if and only if the ∞-norm of G 1 (s)G 2 (s) is less than 1 (or 0 dB) [30] . It means
where
where sup ω∈R |.| is the supremum, and . ∞ is the ∞-norm which is the maximum or peak value of the system loop gain. Therefore, the bounded input implies a bounded output if the system satisfies the small gain theorem in Equation (1). As indicated in Figure 1 , the synchronous DG has two distinct dynamic behaviors under the islanding situation and grid-connected conditions. Hence, the dynamic response of the system can be analyzed by two specific open loop transfer functions (OLTF). The APF and RPF are designed to make the control system unstable when the system is islanded. Furthermore, the stable operation of the system under grid-connected conditions should not be affected by these positive feedbacks. According to the small gain theorem, the system is stable if and only if
where OLTF According to the gain margin definition, a system is internally unstable (when the gain margin is less than zero) if the ∞-norm of OLTF be greater than 1 while its associated phase is lagging by more than 180 • . In other hand, the active power loop is unstable in the islanding situation if
and
Similarly for the reactive power control loop we have
where ω 0 is the gain crossover frequency, that means, the associated frequency when the ∞-norm of the system is crossed from 1 (0 dB). According to this process, the APF and RPF are designed to meet the stable operation in grid-connected conditions and islanding situation unstable requirements, simultaneously.
After determining the appropriate APF and RPF positive feedbacks, the compensators 1, 2 are designed to achieve the desired values of stability margins in islanding and grid-connected situation. For this purpose, the compensators transfer function (CTF) are defined as follow
where k, z, and p are the gain, zero, and pole of the transfer function of each compensator, respectively. If desired values of the gain margin GM and the phase margin PM are considered respectively, for the active/reactive power control loop in islanding situation, the characteristic of the compensators can be calculated as
Here ω c is the cut-off frequency of the active/reactive power control loop without considering the compensator. By designing the compensators which lead to a non-minimum phase system, instability of the system in islanding situation can be slightly increased without compromising stable operation of grid-connected conditions. Figure 4 shows a simple distribution system with the model data given in Appendix. In this system, a synchronous DG is connected to the main grid through a feeder and the islanding would occur if the circuit breaker opened.
Design of the Proposed Scheme for the Test System

Design Procedure
To guarantee the performance of the proposed scheme, the design of APF and RPF have been done in the worst-case scenario by considering motor load model and when the load and generation are closely matched. Figure 5 shows the OLTF of the active power control loop in grid-connected conditions for this test system and without APF and compensators. The APF characteristic is derived from the small gain theorem and to satisfy the aforementioned equations in the design section. The APF can be represented by a second-order transfer function with a pair of complex conjugate poles as shown in Figure 5 . A second-order transfer function is considered to reshape the peak value of the OLTF for active/reactive control loop to locate below the 0 dB in islanding situation and above the 0 dB in the grid-connected conditions. Hence, according to the previous section, the system retain stable in grid-connected conditions and is unstable in the islanding situation. Adding a third pole to this function which is located far away from other poles, increase the overshot of the system response and instability in case of islanding situation which the system is unstable [31] . However, the stability of the stable system when the DG is connected to the main grid is not affected significantly by the third pole if it located far away from other poles. Based on above arguments, design of the APF and RPF for the system shown in Figure 4 
Designing the compensators 1, 2 for active/reactive power control loops led to specific stability margins. The results in Table 1 show the gain and phase margin of active and reactive control loops in islanding situation for different values of the compensators time constants. Four different load conditions are considered in this table as: (1) no-load, (2) resistive 1 p.u. load, (3) 1 p.u. motor load, (4) 1 p.u. motor load and 1 p.u. resistive load. The calculated gain and phase margins are negative and indicate the system instability that leads to fast detection of islanding situation. As shown in this table, the system is clearly unstable in islanding situation with high negative stability margins even with the presence of of motor load and when the generation and load are closely matched. 
Frequency Domain Analysis
The test system is modeled in MATLAB Simulink software for the frequency domain analysis. It should be noticed that the cross-coupling between active and reactive power control loops is considered in this study. Figure 6 shows the open loop gain of active and reactive control loops in the case of the proposed scheme and the case of conventional control loop. ∆P indicates the power imbalance between local load and synchronous generation. The performance of the proposed method can be assessed in islanding and non-islanding situations. 
Islanding Situation
The peak values of both active/reactive power control loop gain in conventional scheme are less than 0 dB in grid-connected mode and even in the islanding situation. Hence, the synchronous DG remains stable when it disconnects from the main grid, thus the islanding situation will not be easily detected. On the other hand, the proposed scheme increase both active and reactive power control loops gain in the islanding situation. Specifically, the loop gains in islanding situation using the proposed scheme are above 0 dB which lead to instability of the islanded power system. However, the proposed scheme does not disrupt the normal operation of the system under the grid-connected conditions since the active/reactive power control loop gains are less than 0 dB which lead to stable behavior of the system. Motor loads as a considerable part of system load, have usually significant influence on dynamic characteristic of distribution systems. Islanding detection with high penetration of motor loads are still challenging due to their dynamic response. The effect of motor load has been investigated on the proposed scheme when an induction motor load is considered instead of the static load in Figure 4 . As a result, the active/reactive power control loop gain decrease in comparison with RLC load as shown in Figure 7 . Nevertheless, the performance of the proposed scheme is retained successful with presence of the motor load. In addition, as shown in Figure 7 , the reactive power control loop is more effective than the active power control loop under this condition. Therefore, islanding can be well detected using the proposed scheme for RLC as well as motor loads. Furthermore, effect of motor inertia has been represented in Figure 7 . The active/reactive power control loop gain are diminished with the increase in the inertia. Thus, the islanding detection scheme can fail when the motor inertia is considerably greater than the synchronous DG inertia.
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Grid-Connected Conditions
The margins between peak values of the open loop gains and 0 dB indicate the stability characteristic of the system. As the peak value of the open loop gain be close to 0 dB, the probability of the degrading system stability increases in grid-connected conditions which reduces reliability and security of the system. As aforementioned, sustainable operation of the DG is required when the main grid is subjected to transient disturbances in order to contribute to the main grid frequency and voltage support ability. The ride-through capability of the synchronous DG is enhanced with increasing stability margins in the proposed method as shown in Figure 6 . From the open loop gains shown in Figure 6a , it can be seen that the margins between the peak value of active power open loop gain and 0 dB is around −70 dB and −30 dB in grid-connected conditions in the case of the proposed scheme and the conventional control, respectively. In the same way, the margins are around −110 dB and −60 dB using the proposed method and the conventional one for reactive power control loop, respectively. Therefore, the stability of the synchronous DG is increased using proposed scheme in order to support the main grid more effectively. This fact can be seen with time-domain simulation results that shows the ride-through capability enhancement of the synchronous DG.
Simulation Results and Discussion
The proposed islanding detection scheme is evaluated using the time-domain simulation of the test system depicted in Figure 4 which is modeled in PSCAD software. In the time-domain simulation, the sampling time of 830 µs is used and the synchronous DG output frequency is measured through a phase-lock loop (PLL) block. These simulations consist of islanding and non-islanding conditions such as three-phase short circuit fault and load shedding.
Islanding Situation
Islanding situation occurs by opening the circuit breaker at t = 1.0 s, assuming the generation and load are closely matched before the islanding. Figure 8 shows the performance of the proposed scheme for both static load and induction motor load. The changes and deviations of frequency and terminal voltage magnitude without using the proposed active scheme are too small in case of islanding, due to the closely balance between generation and load. Hence, the islanded power system continue to its normal operation. Figure 8 shows abrupt changes in frequency and terminal voltage magnitude with considering RLC load and using APF or RPF scheme. It can be seen that, both frequency and voltage can be deviate from their initial values for both RLC load and induction motor load in less than 2 s when the APF or RPF is used. However, the variation of frequency is more severe than the terminal voltage variation using the APF. Similarly, these variations are more significant for voltage magnitude if the RPF is applied. In general, islanding can be detected less than 1 s using combination of proposed scheme for both RLC load and motor load. These results are consistent with the frequency domain analysis. 
Grid-Connected Conditions
The performance of the proposed islanding detection scheme are also investigated under non-islanding disturbances. The islanding should be discriminated from grid-connected disturbances and the detection methods should not operate under non-islanding events for two main reason. Firstly, the revenues of DGs can be curtailed with wrong disconnect of DG units. Secondly, support of DGs from the main grid is required when the power system is subjected to a disturbance. Typical non-islanding disturbances are short circuit faults, connecting/disconnecting of loads, and capacitor bank switching. The relays based on the passive islanding detection methods can have serious issues under these circumstances to properly distinguish between islanding and grid-connected situations. In addition, it should be noticed that, the main drawback of the active islanding detection methods is negative impact on the power quality of the system which is improved in this paper. The proposed scheme is assessed for the three-phase fault and load reduction, as representatives of the grid disturbances. The response of the synchronous DG is evaluated when a three-phase fault occurred on line 2 near to the power system bus (Bus 2) at t = 1.0 s. This fault is temporary and cleared after 0.4 s. Figure 9 shows the performance of the proposed scheme in comparison with the base case (without proposed scheme). It can be observed that, changes of the frequency and terminal voltage are both diminished by using the proposed scheme. It means that, the synchronous DG becomes more stable and contributes to supporting the frequency and voltage of main grid. Figure 9a shows that response of frequency is settled down more quickly after clearing the fault and it reaches to the steady state in a short time. Load connecting and disconnecting are typical disturbance that occurs frequently in a distribution system. Figure 10 shows the frequency and terminal voltage of the synchronous DG when 10% of the local load disconnects at t = 1.0 s. It can be seen that the proposed scheme enhance the ride-through capability of the synchronous DG when it subjected to a voltage swell event. Therefore, the proposed scheme enhances the stability of the system which leads to decrease in the frequency and voltage changes that improves the power quality issue of the system under non-islanding conditions. 
Ride-Through Capability Enhancement
Increasing the stability margins of the system in the grid-connected conditions helps that the changes in voltage and frequency of the system be more suppressed. Hence, the synchronous DG can continue to support the main grid even during severe disturbances without losing its stability. Obviously, there is a direct trade-off between ride-through capability and severity of instability in islanding situation. As discussed before, the system has two distinct dynamic responses and consequently two specific control systems. The proposed positive feedbacks for active and reactive control loops provide sufficient negative stability margins in islanding situation which is required for reliable and timely detection. Hence, the compensators 1, 2 can be designed to increase the stability of the system in grid-connected conditions without significant effect on the detection time of the islanding situation. Figure 11 shows the enhancement of ride-through capability using the proposed method, when one of the two parallel lines connecting the DG bus to the main grid, is disconnected due to protection operation at time t = 1 s. As shown in Figure 11a the input signal of the prime mover has been diminished significantly using the proposed scheme for active power control loop which results in increasing the life time of governor. Figure 12 shows the frequency and voltage of the synchronous DG during the loss of one of the parallel lines. Hence, the frequency and voltage responses will be improved during the loss of one of the parallel lines. Furthermore, since the impedance of the system is increased by the outage of the faulty line, a voltage dip at the point of common coupling (PCC) occurs. Hence, reactive power of synchronous DG has been increased using the proposed scheme to support the main grid during this disturbance effectively. 
Conclusions
This paper proposes an active islanding detection scheme for active power and reactive power control loops of the synchronous DG. Timely detection of islanding situation is guaranteed using the proposed scheme for both static load and motor load even with an exact match between generation and load demand. Islanding and non-islanding disturbances can be well discriminated by the novel proposed scheme. The APF and RPF which used in the control loops, have more effects on frequency and voltage variation, respectively. Thus, simultaneous using of APF and RPF has a distinguished performance to detect islanding situation in less than 1 second even with high penetration of motor load. Time-domain simulations and frequency domain analysis have been performed to elucidate the novel features of the proposed scheme in different scenarios. Another breakthrough of the proposed scheme is enhancement of disturbance ride-through capability of the system. It means that the synchronous DG will be more stable and contribute more effectively to voltage and frequency support when main grid is subjected to a disturbance without compromising islanding detection ability. Oscillation of frequency is damped much faster and voltage magnitude is suppressed effectively using the proposed scheme under non-islanding events such as low-voltage events. The proposed scheme has a strong theoretical bases from one side, and it is a practical and applicable scheme from other side because it can be easily implemented by a digital controller. As future works, the concept of the proposed method can be further developed for other types of DGs such as virtual synchronous generator which behave like a synchronous generator during short time intervals. Likewise, the proposed method in this paper can be modified for DGs connected to the main grid by power electronic devices such as renewable DGs.
